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Using ultrasonics, the acoustic characteristics of porous Pd42.5Cu30Ni7.5P20 glassy alloys were
examined in terms of complex elasticity. Bulk modulus K and Lamè parameter  decrease in a
parabolic manner as porosity increases, while Young E and shear G moduli decrease linearly.
Consequently, the order of KEG, which is monopolistically characterized by nonporous
glassy alloys, changes to the order of EKG at 58% porosity. The decrease in Poisson’s ratio
and the increase in G /K ratio up to 58% porosity indicate crystallinelike characteristics that resist
three-dimensional volume-nonpreserving deformation. An increase in porosity induces frequency
convergence for longitudinal waves and an increment of the imaginary parts in the complex waves.
The viscoelasticity of the porous glassy alloys is predominated by shear motion. In contrast to the
continuous increment in dilational damping, the porosity-dependent increment in shear damping
could be elucidated based on the accumulation of strains induced by the formation of pores. © 2007
American Institute of Physics. DOI: 10.1063/1.2795684
I. INTRODUCTION
Since 1960, when Klement et al.1 discovered amorphous
alloys in the Au–Si system, several studies have been carried
out on the preparation and properties of various amorphous
and glassy alloys.2–5 These alloys have characteristic physi-
cal and chemical properties such as high strength, high cor-
rosion resistance, and good soft magnetic properties, which
are significantly different from the characteristics of the cor-
responding crystalline alloys.6 On the other hand, porous al-
loys have recently attracted attention in terms of their struc-
tural and functional applications,7 although little research has
been carried out on porous glassy alloys.8–10 Special interest
has been focused on the elastic moduli and damping charac-
teristics of host solids through the use of mechanical relax-
ation and porous structures. However, in addition to the char-
acteristics of porous glassy alloys, it is important to examine
their acoustic properties, in order to understand the vis-
coelasticity and frequency dispersion of the glassy phase. In
general, it is very difficult to measure the acoustic character-
istics of porous specimens. Few effective methods have been
developed for examining the acoustic characteristics of po-
rous solids in a nondestructive fashion. In the present study,
we report a nondestructive method of evaluating the acoustic
characteristics of porous glassy alloys in terms of the vis-
coelasticity associated with complex elasticity.
We were interested in determining sixteen elastic param-
eters, comprising complex viscoelasticity and frequency dis-
persion, of porous Pd42.5Cu30Ni7.5P20 glassy alloys with high
glass-forming abilities and high stabilities in supercooled liq-
uid in terms of complex elasticity, as well as high
polymers.11 The alloy is representative of metal/metalloid-
bonding types. As far as we know, no studies have been
carried out previously on measuring these elastic parameters
in porous glassy alloys, using both longitudinal and shear
waves of the same frequency.
II. ELASTIC PROPERTIES AND VISCOELASTICITIES
OF POROUS GLASSY ALLOYS
A generalized form of Hook’s law,
 j j = Cjjklkl, 1
relates the components of the stress tensor i to the compo-
nents of the symmetrical part of the strain tensor kl. The
elastic constant tensor Cij for isotropic solids consists of
three independent coefficients, where Cij =Cji. Indeed, C11,
C12, and C44 in a 66 elastic matrix can be easily deter-
mined using longitudinal and shear wave velocities. Since a
glassy alloy that lacks a crystal structure can be treated as an
isotropic elastic medium a solid that does not have a pre-
ferred orientation, the bulk modulus K and the shear modu-
lus G are obtained from the wave velocities by the standard
formulas on the basis of Aleksandrov’s method,12
vs
2 = G , 2
vl
2 = K + 4/3G , 3
where  is density, and Vl and Vs are the longitudinal and
shear wave velocities, respectively. Young’s modulus E and
Poisson’s ratio  are then derived by the relations
3/E = 1/G + 1/3K , 4
 = 1/21 − E/3K . 5
However, it is difficult to determine precisely the elastic
constants in porous solids. When the specimen has a large
number of pores, i.e., high porosity, we must modify the
wave velocities, taking into account the combined effects of
reduction in volume and the resulting deterioration of bind-
ing strength consideration. Many research groups have in-
vestigated the porosity dependence of elastic constants and
proposed a theoretical formula as a first-order function of
porosity, using elastic constants of nonporous materials.13,14
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ment state, but by the elastic modulus of the matrix and
shapes of the pores, so we use a linear fractional equation. In
contrast to strength, since the elastic modulus is defined by a
ratio of strain to stress, it can be described by the linear
fractional formula in all instances.
The longitudinal and transverse wave velocities of the
glassy alloys that contain numerous spherical pores can be
calculated by the following linear fractional formula:15
E = E0
1 − P











where P is porosity, and the suffix indicates a nonporous
alloy. The velocity-porosity slope is calculated by best fitting
of the linear relation from P=0% to P=58%. When studying






This factor not only depends on the intrinsic characteristics
of solids, but also on residual stress and deformation mode.
For a solid that is elastically isotropic, factor A=1.
Fourier transformation of the digitized receiving wave-
forms from the dispersive media is carried out to determine
the main frequency f and phase 	 at f ,
Im
Re
 = tan 	 . 10
Equation 10 can be synonymously expressed by a complex
elasticity M* Ref. 17,
M* = M1 + i
 , 11
where M1 is a dynamic elasticity. Since glassy alloys are
three-dimensionally, elastically homogeneous bodies and
V /
1, we can use the following formulas for the com-
plex dilational, shear, and volumetric dynamic viscosities, l,
s, and v, respectively:







where the angular frequency 
=2f .
The longitudinal and shear damping and attenuation con-
stants l, s and l, s, respectively, in complex waves can be















where I1 and I2 are the amplitudes of the first and second
wavelets for receiving wave patterns, respectively, and d is
the length of the specimen.
III. EXPERIMENTAL
A Pd–Cu–Ni–P alloy ingot with nominal atomic compo-
sition of Pd42.5Cu30Ni7.5P20 was produced by arc melting a
mixture of Pd–P prealloy, pure Pd, Ni 99.9 mass %, and Cu
99.99 mass % metals in an argon atmosphere. After flux
treatment with B2O3 medium, the alloy ingot was quenched
into water as a fully glassy ingot. The ingot was saturated
with 15 MPa hydrogen gas at 863 K for 4 h, to cause the
entrapment of supersaturated hydrogen pores in the sample.
Then, a disclike sample of 7.5 mm in diameter and 5 mm
thickness was heated to above the glass transition tempera-
ture for 120–5000 s using an infrared image furnace
ULVAC QHC-P610C in a vacuum atmosphere of 10−3 Pa.
After the surfaces of the foamed samples were coated with
thin silicon grease, the volume fraction of the bubble was
calculated from the density value measured by the
Archimedean method using distilled water at room tempera-
ture. The structure of the sample was analyzed with an x-ray
diffractometer XRD; Rigaku RINT2200 using a Cu K
source. All the samples were amorphous. A cross section of
specimens was examined by scanning electron microscopy
Hitachi S800. The pores were characterized as having
spherical shapes. The detailed experimental procedures have
been described previously.18,19
Sixteen elastic and viscosity parameters E, G, K, v,
G /K, A, l, s, l, s, l, s, v, and the longitudinal and
shear wave frequencies, f l and fs, respectively and the
power spectra were measured with an ultrasonic measuring
system TP-1001; Toshiba Tungaloy at room temperature,
using longitudinal and shear waves with a frequency of
5 MHz.20 The transducers were contacted at both edges of
the specimen under a pressure of 0.2 MPa, by water-free
naphthenic hydrocarbon couplant oil21 Tungsonic Oil H.
IV. RESULTS
A. Effect of porosity on wave velocity
Sound velocity provides a sensitive tool for locating
phase transitions, determining phase diagrams, and studying
the phase-transition order. Since ultrasonic wave velocity
measurements are related to long-wavelength acoustic
phonons,22 they are not generally influenced by the existence
of low numbers of pores. Indeed, their wavelengths are 5–10
times larger than the pore size 100 m of glassy alloys.
The longitudinal and shear wave velocities are shown in Fig.
1 as functions of porosity, along with cross-sectional photo-
graphs of three different porosities 20%, 40%, and 60%.
Both the longitudinal and shear wave velocities gradually
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decrease with increasing porosity. The velocity-porosity
slope of −9 for the shear wave velocity is approximately
25% of that of the −41 slope for the longitudinal velocity,
which suggests a large deleterious effect of porosity on lon-
gitudinal velocity. We modified Vs and Vl using Eqs. 6–8.
These results are also shown in Fig. 1. Both velocities de-
crease in similarity to the experimental velocities up to 18%
porosity, but they then show gentle decreases up to 58%
porosity, in contrast to the experimental velocities. This dif-
ference appears to be derived from phase shifting due to a
large number of pore interfaces. It is well known that propa-
gating waves in solids cause phase shift-mediated errors in
the calculation of flight time,23 when they are reflected at the
interfaces of the specimens.
In order to investigate the change in structural morphol-
ogy associated with bonding strength and atomic coordina-
tion, we present the porosity-dependent anisotropy factor
Fig. 2. This factor increases with increasing porosity, re-
flecting apparent recovery of rubbery elasticity.24 The de-
crease in the decimal fraction represents the inactivity of the
dilational mode or activation of the shear mode in elastic
solids. In the present case, it is the latter, as assumed from
the dominating factor of the shear wave velocity for a glassy
alloy.
B. Effect of porosity on elastic parameters
In the previous section, we determined the precise ve-
locities. We then calculated the elastic parameters, using both
velocities. An isotropic amorphous alloy has only two inde-
pendent second-order elastic stiffness constants.25 In isotro-
pic solids, E and G are uniaxial volume-preserving moduli,
while K and  are three-dimensional volume-nonpreserving
moduli.26 The Young, shear, and bulk moduli and Lamè pa-
rameter are shown as a function of porosity Fig. 3. The
Young and shear moduli show gentle decreases, while the
bulk modulus and Lamè parameter demonstrate a parabolic
decrease over the whole determined porosity range. Conse-
quently, the orders of magnitude in the four moduli are as
follows: up to 18% porosity, K, , E, and G; and at 58%
porosity, E, K, , and G. The former order is a monopolistic
characteristic of glassy alloys,27 with the exceptions of amor-
phous polymers and rubbers.26 Although Gaiduk et al.28 have
reported Vl=5171 m/s and Vs=2491 m/s for the dense
amorphous alloy Zr41.2Ti13.8Cu11.5Ni10Be22.5, giving A=0.83,
=0.35, and the order EKG, i.e., a higher aniso-
tropy factor, lower Poisson’s ratio, and an order that places
severe constraints on precise velocity measurement. In other
words, the nonporous glassy alloy readily undergoes dila-
tional and shear deformation but resists volumetric bulk
deformation. On the other hand, porous alloys with porosi-
ties over 50% suggest crystallinelike rigidity in the deforma-
tion mode.
Since the elasticities of solids cannot be evaluated by the
elastic moduli alone, the G /K ratio can be conveniently
taken as a measure of elasticity.28,29 The G /K ratios for the
porous alloys at room temperature are shown in Fig. 4. The
curve resembles that for the anisotropy factors Fig. 2. Com-
FIG. 1. Porosity-dependent wave velocities of porous Pd42.5Cu30Ni7.5P20
glassy alloys. Three photographs porosities of 20%, 40%, and 60% are
inserted.
FIG. 2. Porosity-dependent anisotropy factors of porous Pd42.5Cu30Ni7.5P20
glassy alloys.
FIG. 3. Porosity-dependent elastic moduli of porous Pd42.5Cu30Ni7.5P20
glassy alloys.
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paring the G /K ratio of the glassy alloy at room temperature
with the G /K ratios of other representative materials,26 such
as carbon steel 0.49, Ti–6Al–4V 0.35, Inconel 718
0.45, -alumina 0.64, zirconia 0.42, -sialon 0.51,
quartz 0.86, polymethyl methacrylate PMMA 0.41,
polyimide PI 0.34, urethane rubber 0.35, recovery from
the lowest value of 0.20 indicates the loss of rubbery char-
acteristics for the glassy alloy.24
The directional property of Poisson’s ratio is designated
by the quotient of lateral to longitudinal strain: ij=
−Sij /Siji , j=1,2 ,3 where Sij stands for the elastic compli-
ance constants for all possible orientations of the coordinate
system. We evaluate Poisson’s ratio from the viewpoint of
three-dimensional volume-nonpreserving elastic deformabil-
ity. The porosity dependence of Poisson’s ratio is also pre-
sented in Fig. 4. Poison’s ratio denotes a linear decrease up
to 0.31, with increasing porosity. This indicates apparent
hardening of the porous alloys in the microscale, i.e., sup-
pression of one-dimensional deformability.27
C. Effect of porosity on wave scattering
The porosity dependence of wave velocities and elastic
parameters gives clear evidence of porosity contributions. In
this section, to determine the scattering effect of porosity, the
frequency and damping properties for longitudinal and shear
waves are measured as a function of porosity. The main fre-
quency changes for both receiving waves are shown in Fig.
5. The longitudinal wave frequency decreases with increas-
ing porosity, whereas the shear wave frequency does not
change, regardless of porosity, except for a small drop at
over 55% porosity. A decrease in frequency indicates either
filtering of a higher frequency or an increase in wavelength
per increment of porosity. In this case, the former appears to
be true, as the wavelength is longer than the pore size, as
described above. On the other hand, it seems that propaga-
tion of shear waves is not influenced by porosity. This is
relevant to the propagation characteristics of shear waves
that can circumvent pores.
To determine the modulation of propagated wave pat-
terns for porous glassy alloys, we constructed a Nyquist dia-
gram for the propagated waves.29,30 The Nyquist diagram
was plotted in the complex plane of the open-loop transfer
propagation wave function for all the complex frequencies
in the counterclockwise direction, using a vector locus of
phase.30–32 The Nyquist diagrams for glassy alloys with vari-
ous porosities are shown in Fig. 6, along with their power
spectra. As porosity increases, the width of the power spec-
trum shortens due to the filtering of high frequency, and the
diagram changes from a circle shape to a lower polyhedral,
and the areas of the third and fourth quadrants in the loop
increase. The decrease in the apex number represents fre-
quency convergence in the power spectrum.32 The tendency
is remarkable for longitudinal wave. The Nyquist diagrams
for the glassy alloys are characterized by large areas for the
third and fourth quadrants, as compared with crystalline
metals.33 The large areas of the third and fourth quadrants
suggest advancement of delay in phase, that is, an increment
of the imaginary parts in the complex waves.32,33
Damping attenuation is a dissipation of energy that of-
ten, but not always, manifests itself as an elasticity. Since it
yields information about atomic displacement and variation
of potential energy for the porous glassy alloy of interest, we
investigated longitudinal and shear wave damping Fig. 7.
The noncomplex dilational and shear attenuation coefficients
show gradual increases up to 18% porosity, and then as po-
rosity increases, the former increases further but the latter
becomes saturated. Judging from the characteristics of dila-
tional and shear waves,34 dilational attenuation seems to de-
pend on the total surface area of pores and the shear attenu-
ation is affected by diffused reflection, which is based on an
acoustoelastic effect that is associated with accumulation of
residual stress.
D. Effect of porosity on viscoelasticity
The eventual thermodynamic behavior of porous glassy
alloys, such as polymeric molecules must involve a Newton-
ian viscous component to the elastic response; this type of
situation is denoted as viscoelasticity, and is associated with
complex waves.22 To investigate the viscoelastic effect, we
consider the dynamic viscosity  of the glassy alloys.
FIG. 4. Porosity-dependent G /K ratios and Poisson’s ratios for porous
Pd42.5Cu30Ni7.5P20 glassy alloys.
FIG. 5. Porosity-dependent frequencies of porous Pd42.5Cu30Ni7.5P20 glassy
alloys.
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The porosity dependences of three dynamic viscosities
are presented in Fig. 8. The dilational and shear viscosities
decrease linearly with increasing porosity, while the volu-
metric viscosity shows a parabolic increase. These results
indicate that the viscoelasticity of a porous glassy alloy is
predominated by uniaxial shear motion, as is also the case
for a nonporous alloy.24 For this reason, we must distinguish
the physical elastic implications for uniaxial tension and
quasivolumetric compression tests. On the other hand, Kato
et al.35 have reported strain rate dependence for the steady-
state flow viscosity of the nonporous Pd40Ni40P20 glassy al-
loy near Tg, and a Newtonian viscosity of 1.210
10 Pa s at
585 K at a lower strain rate.
V. DISCUSSION
The secondary nonharmonity potential energy between
pairs of atoms dominates the elastic moduli.26,36 Therefore,
elastic moduli are important parameters for the structural or
electronic evaluation of solids. However, it is difficult to de-
termine the intrinsic elastic constants for porous solids, ow-
ing to the combined effects of reduction in volume and the
resulting deterioration of binding strength. As can be seen
from the four modified elastic parameters in Fig. 3, the in-
crease in porosity of porous Pd40Cu30Ni10P20 glassy alloys
reduces the four elastic parameters, especially remarkably for
K and . The order of K, , E, and G, which is monopolis-
FIG. 6. Power spectra and Nyquist diagrams of receiv-
ing waves for longitudinal and transverse waves of po-
rous Pd42.5Cu30Ni7.5P20 glassy alloys.
FIG. 7. Porosity-dependent attenuation coefficients of porous
Pd42.5Cu30Ni7.5P20 glassy alloys.
FIG. 8. Porosity-dependent dynamic viscosities of porous Pd42.5Cu30Ni7.5P20
glassy alloys.
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tically characteristic of glassy alloys, changes to the order of
E, K, , and G, which reflects a crystallinelike deformation
mode at 58% porosity. In other words, a mode change from
dilational and shear uniaxial volume preserving deforma-
tions to a volumetric three-dimensional volume nonpreserv-
ing deformation, with mixed mode II and mode III.32 Thus,
it is clear that a high number of pores hinders uniaxial de-
formation. In corroboration of these findings, increases in the
acoustic anisotropy factor Fig. 2 and G /K ratio Fig. 4 and
a decrease in Poisson’s ratio Fig. 4 confirm the change in
mode.
Although a glassy alloy can be treated as an ideal isotro-
pic solid, we cannot evaluate a porous alloy that has a high
number of interfaces as a pure elasticity body. Based on the
viscoelasticity results Fig. 8 and attenuation coefficients
Fig. 9, in acoustic terms, we can regard the porous alloy as
a three-dimensionally elastically isotropic solid with higher
viscoelasticity. In a linear approximation in which viscosity
force is proportional noncomplex to strain rate, the conven-
tional elasticity M can be replaced by complex elasticity M*





we can calculate the attenuation constants in Eqs. 17 and
18. Lastly, we recalculated the damping properties in Fig. 8
in terms of complex elasticity, since the conventional attenu-
ation coefficients do not take into account angular frequency
and viscosity effects.26 In particular, the complex attenuation
constant is proportional to the square of the frequency. These
results are presented in Fig. 9.
The complex dilational and shear attenuation constants
gently increase with increasing porosity. However, the dila-
tional constant that contains the volumetric viscosity is
around twice as large as that of the shear constant. Judging
from the physical parameters in Eq. 17, the existence of
pores strongly promotes three-dimensional attenuation, as
compared with uniaxial shear attenuation constant in Eq.
18.
As can be seen from the Nyquist diagram Fig. 6, an
increase in porosity induces frequency convergence for lon-
gitudinal waves and an increment for the imaginary parts in
the complex waves. Although the increment is remarkable
for the shear waves,33 the frequency convergence is under
the control of longitudinal waves. This suggests the possibil-
ity of frequency filtering of longitudinal waves by porosity. A
delay in the phase modulation of the complex waves has
been observed during the thermal degradation of rubbers,36
and polyvinyl chlorides PVC,37 and this is accompanied by
regression of viscoelasticity. The former is characterized by
the formation of dangling ends in degraded rubbers, while
the latter is associated with the occurrence of chain scission
in degraded PVC. The common feature of both degraded
materials is disorder of the mesoscopic structure. Therefore,
it is clear by analogy that porous glassy alloys have a meso-
scopic disorder for the propagation of acoustic waves. If we
could use porous alloys with pore sizes of less than 100 m,
the effect would be increased even more. As a logical result,
a light, which is characterized by shear waves, will show the
similar optoreflection effect by porosity surface cavity.
Acoustic wave velocity, which is mainly phonon veloc-
ity, varies with temperature and pressure due to nonharmo-
nicity of the potential between atoms. In the present study,
the temperature effect is negligible. In contrast to the con-
tinuous increment of dilational damping associated with non-
harmonity of the potential, the incipient general increment in
the shear attenuation coefficient Fig. 7 suggests the exis-
tence of strain induced by the formation of pores. If the strain
accumulates in accordance with porosity, the shear attenua-
tion should increase linearly due to diffused reflection asso-
ciated with acoustoelasticity. However, the attenuation con-
stant become saturated for porosity 20%. This can be
explained by strain saturation due to the agglomeration of
pores, as can be seen in cross sections of the specimens Fig.
1. Materials undergoing strains will shed light on original
fields, such as acoustoelasticity and electrostriction. As re-
gards to the origins of strain saturation, since the strain has
hydrostatic and shear components,38 we cannot make any
assignment at the present time. This needs further investiga-
tion.
This report is the first to elucidate clearly the elastic
characteristics and viscoelastic properties of a porous glassy
alloy from the viewpoint of complex waves, as far as we
know.
VI. CONCLUSION
The characteristic elastic and damping behaviors of po-
rous Pd42.5Cu30Ni7.5P20 glassy alloys were measured as a
function of porosity at room temperature. An increase in the
porosity of the glassy alloy reduces E and G linearly and K
and  parabolically. The order of K, , E, and G, which is
monopolistically characteric of glassy alloys, changes to the
order of E, K, , and G, reflecting a crystallinelike deforma-
tion mode at 58% porosity. Deformation mode shifts from
dilational and shear uniaxial volume preserving deforma-
tion to volumetric three-dimensional volume nonpreserving
deformation occur with mixed mode II and mode III as po-
FIG. 9. Porosity-dependent attenuation constants of porous
Pd42.5Cu30Ni7.5P20 glassy alloys.
083502-6 Fukuhara, Wada, and Inoue J. Appl. Phys. 102, 083502 2007
Downloaded 23 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
rosity increases. Poisson’s ratio and the G /K ratio decrease
and increase, respectively, showing a crystallinelike defor-
mation mode. An increase in porosity induces frequency con-
vergence for longitudinal waves and an increment of the
imaginary parts in the complex waves for the shear waves.
The porous glassy alloys have a mesoscopic disorder for
propagation of the acoustic waves. From the dilational, shear,
and volumetric dynamic viscosities, the viscoelasticity of the
glassy alloys appears to be predominated by shear motion,
regardless of porosity. In contrast to the continuous incre-
ment in dilational damping, the incipient general increment
in shear damping could be elucidated by accumulation of the
strains induced by formation of the pores. These elastic pa-
rameters are sensitive probes for evaluating the deformation
modes and viscoelasticities of porous glassy alloys associ-
ated with complex waves.
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